A new experimental technique, which utilizes a tunable laser as the illumination source for surface photovoltage spectroscopy measurements, is presented. The data obtained by this technique make it possible to determine the distribution function of gap states observed at semiconductor interfaces. An outline of the approach together with experimental results obtained using a Ti:sapphire laser on InAlAs and CdTe crystals is given.
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Surface photovoltage spectroscopy (SPS) is a wellestablished surface-sensitive technique, in which subbandgap illumination is used to determine the energy positions of semiconductor surface states by means of its effect on the surface potential.* In typical SPS experiments, one looks for changes in the slope of the contact potential difference (CPD) spectrum as a function of the illustrating photon energy. These slope changes are interpreted as indicating the energy positions of the observed surface states.2A However, it is impossible to evaluate the energy distribution function of the latter using such measurements. Moreover, all subsequent quantitative analyses are based on the assumption that the energy distribution of the surface states is discrete,'-s an assumption that is not necessarily valid and is not verifiable from these measurements.
In this letter, we propose a new technique based on laser excitation of semiconductors and demonstrate it at InAlAs ( 100) and CdTe ( 111) B surfaces. The technique resolves the energy distribution of the surface states:~This unique feature is not attainable in other surface-sensitive techniques. Furthermore, once the precise distribution is available, quantitative algorithms that utilize time resolved SPS6,' may be adapted to the distribution at hand. They provide additional information on the state densities, occupation statistics, as well as thermal and optical cross sections. Alternatively, this tool may be used in order to check the validity of assuming a discrete nature of these energy levels. The proposed technique has several distinct advantages: it does not have to be employed under vacuum. Therefore, it may be used for both in situ monitoring and measurements in any ambient. Moreover, it is contactless, nondestructive, and simple to apply and interpret.
From Shockley-Read statistics" it is well known that the fractional occupation of a defect level, which has an energy of Et above the valence-band maximum, may be expressed as u2-v + upUpPut+gp ft'n,*,(n+Nct) +a,~,(p+~,J +&+gp'
(1) where u, (v,) is the thermal velocity of electrons (holes), un (cr,) is the thermal cross section for electrons (holes), n(p) is the surface density of electrons (holes), P,t and N,, are the Shockley-Read thermal emission coefficients to the valence and conductance bands, and g,, and g, are the illumination-induced transitions from and to the defect level.
When the illumination intensity is sufficiently high, all thermal terms may be neglected with respect to the optical terms, and the fractional occupation may be expressed as (2) We assume that the surface states in question have non-negligible optical transitions only with the conduction band. An entirely analogous procedure may be applied for holes interacting with the valence band only. Under this assumption, a sufficiently high illumination intensity results in total evacuation of all surface states, with E, -Et<hv. In the depletion regime, the total surface charge II, is related to the surface potential V, by the simple equation"
where cx = (2eNJq) "2, E is the dielectric permittivity of the semiconductor, and Nb is the electron concentration in the bulk.
If the illumination source is a tunable laser rather than a monochromator, the increase required in the illumination intensity in order to achieve a total evacuation of the surface states is easily attainable. Therefore, it is evident that a small change in the surface potential, AVX, due to a small increase AE in the photon energy is a result of the evacuation of additional charge An, with excitation energy between E and E+ AE. Hence, dn,=n,(E+AE) -n,(E).
When these states are sufficiently removed in energy from the Fermi level, so that they are essentially fully occupied prior to illumination, Eq. (4) photovoltage spectroscopy12 were carried out without using a high intensity illumination source, and thus were shown to be unsuccessful.'3 Surface photovoltage experiments were performed in air using a Kelvin probe for the contact potential difference (CPD) measurements and a Ti:sapphire laser as the radiation source. The Kelvin probe (Delta-Phi Elektronik, Germany) consisted of a semitransparent 2.5 mm diameter Au grid and was kept to a fraction of a millimeter from the investigated surface. The changes in the CPD signal as a function of incident radiation energy were continuously monitored with a sensitivity of 1 mV. The band bending at the semiconductor surface was measured by the photosaturation technique14 using a 150 W Xenon lamp fed by a regulated power supply.
The Ti:sapphire laser (Model 890, Coherent, USA), pumped by a 5 W argon-ion laser, was continuously tunable in the range of 1.32 eV<hv<1.55 eV by means of a birefringent iilter. The output laser power of 50 mW was chosen so as to guarantee the CPD signal photosaturation. The absence of damage and surface modification as a result of the laser irradiation was checked by comparing the spectrum before and after the laser experiment for each sample. Checking measurements were performed using a 500 W halogen lamp and grating monochromator (Oriel, USA) in the range of 0.62 eVGhvd1.77 eV.
The samples used were undoped Infil, -&s( 100) (X =0.267, E,=2.04 eV> and undoped CdTe( lll)B. Both samples were found to be p type (unintentionally doped).
The photovoltage spectra and their corresponding derivatives (indicating the surface states) are shown in Figs. 1 and 2 for the InAlAs and CdTe samples, respectively. The data were smoothed prior to differentiating using a cubic spline smoothing algorithm. l5
In the InAlAs case, the results clearly show one "half" of a Gaussian distribution of deep surface states (the other "half" being outside the energy range of the laser). In the CdTe case, the results correspond to the presence of "two halves" of shallow surface acceptor states. In this case, only the portion of the derivative spectrum corresponding to subbandgap illumination is shown. It is qualitatively observed that the surface states extend into the valence band, since the slope of the CPD signal is opposite in sign to that of band-to-band transitions even with hv? Eg. However, our quantitative analysis is not valid in the case of hv> E,, and this part is thus omitted in the derivative spectrum. From these two examples it is evident that the distribution of the surface states lying within the energy range of the illumination source is resolved. It should be noted that for both samples discussed here the surface states are in the lower half of the band gap. Thus, the possibility of illumination-induced transitions from the valence band to the surface states (i.e., gp#O), which prevent a total evacuation of the surface states, cannot be ruled out. However, over the relatively narrow energy range probed, the ratio gJ (g,+g,) can be reasonably assumed to be a constant, so that the surface state distribution described in Figs. 1 and 2 is valid. It should be emphasized that the surfaces studied are "worst case" samples, since the surface states are closer to the valence band, yet interact primarily with the conduction band. Such complications cannot occur in cases where hv < Ed2. The validity of the treatment for other cases has to be determined individually.
In conclusion, we have demonstrated the strength of laser SPS as a tool for determination of surface state distributions. Results obtained for two semiconductors indicate the generality of the experimental approach. Also, the energy range of the method may easily be extended: the use of a broad-band optics Ti:sapphire laser can increase the energy range of the illumination source to 1.24 eVGhvG1.77 eV.16 Higher energies may be obtained by means of a dye laser. Lower energies are harder to achieve, but should be available, in principle, from a set of diode lasers or a Raman oscillator.
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